Aim
To determine the impact of two apparent diffusion coefficient (ADC) measurement techniques on diffusionweighted magnetic resonance images (DW MRI) on the assessment of rectal cancer response to neoadjuvant chemoradiotherapy (CRT).
Methods ADC values were measured prospectively with two different techniques -the first, which measures ADCs in the most cellular tumor parts, and the second, which measures the entire tumor area, in 58 patients with locally advanced rectal cancer on pre-CRT and post-CRT image sets. Areas under the receiver operating characteristic curves (AUCs) and parameters of diagnostic accuracy were calculated for pre-and post-CRT ADC values and numeric and percent ADC change for each technique to determine their performance in tumor response evaluation using histopathological tumor-regression grade as the reference standard.
Results The second technique yielded higher AUCs (0.935 vs 0.704, P < 0.001), percent-change (0.828 vs 0.636, P < 0.001), and numeric-change (0.866 vs 0.653, P < 0.001) than the first technique for post-CRT ADC. Accuracies for post-CRT ADC assessment were 62% for the first and 88% for the second technique (cut-off values: 0.98 and 1.29 × 10 −3 mm 2 /s, respectively) and for ADC change assessment, both numeric and percent, 59% and 74%, respectively (cut-off values: increase of 0.18 and 0.28 × 10 −3 mm 2 /s; increase of 24% and 37%, respectively).
Conclusions
The type of measurement technique significantly affected ADC results. ADC measurements covering a larger area better predicted tumor response to therapy. Post-CRT ADCs, regardless of the measurement technique, and numeric ADC change measured in the whole tumor volume accurately identified non-complete responders. Post-CRT ADCs measured in the entire tumor area yielded the highest accuracy level in tumor response evaluation. Blažić: Two ADC measurement techniques in the assessment of rectal cancer response to neoadjuvant CRT www.cmj.hr Neoadjuvant long course combined chemoradiotherapy (CRT), as a first step of a standard treatment for locally advanced rectal cancer, aims to downsize and downstage tumor before surgery in order to increase the number of complete resections with no microscopic residual tumors (R0 resections) and thereby reduce local recurrence rate. In locally advanced tumors, this treatment often leads to excellent response. In up to 24% of patients, no residual tumor tissue is found in the resection specimen, corresponding to complete tumor response (1) . These patients have a better prognostic outcome than patients with residual tumor. Also, in patients with complete or significant response to CRT, organ saving treatment may be applied (1) (2) (3) (4) (5) (6) . To safely perform less invasive strategies, it is crucial to accurately select patients and reliably assess tumor response to treatment (7, 8) . Tumor response is estimated by different imaging techniques. Since conventional magnetic resonance imaging (MRI) is not sufficient for this purpose, functional MRI techniques, such as diffusion-weighted imaging (DWI) and dynamic-contrast enhanced MRI, have been used (9) (10) (11) (12) . DWI analyzes extracellular movement of water protons, which depends on tissue microarchitecture and can be quantitatively measured as apparent diffusion coefficient (ADC). It allows assessment of tumor response to treatment due to its superb tumor tissue definition as high signal intensity areas and quantitative information reflecting tissue cellularity. ADC has become an established oncologic biomarker, as lower ADC values indicate malignant tissues (13) (14) (15) (16) . ADC measurements are performed by positioning a region of interest (ROI) in the tumor area and measuring ADC values within the ROI. However, it is still debatable whether the measurements should be performed within the most cellular tumor parts represented as markedly restricted diffusion zones or in the larger tumor areas with inclusion of necrotic and fibrotic tumor parts. Therefore, the aim of our study is to determine the impact of two different ADC measurement techniques on DW MR images on the assessment of rectal cancer response to neoadjuvant CRT.
MateRIals and Methods

Patient selection criteria
Between June 2012 and January 2015 eighty patients with locally advanced rectal cancer (LARC) diagnosed at Centre for Radiology and Magnetic Resonance Imaging, Clinical Centre of Serbia were prospectively evaluated. The study was approved by institutional review board and all patients signed written informed consent. Inclusion criteria were 1) rectal adenocarcinoma detected by digital rectal examination or endoscopy and histopathologically confirmed, 2) locally advanced disease staged at pre-CRT T2-weighted MRI as T3-T4 and/or positive nodal stage (one or more lymph nodes larger than 5 mm and/or exhibiting heterogeneous signal intensity or an irregular border), 3) neoadjuvant treatment consisting of a long course CRT (total radiation dose of 50.4 Gy in 28 fractions, daily dose of 1.8 Gy, with concomitant chemotherapy during the first and last weeks of radiation therapy [5- 
Reference standard
Histopathological staging served as a standard of reference and was made according to the tumor regression grade (TRG) (17) . Grading of response was as follows: TRG 1 (complete regression), rectal tissue specimens without viable tumor cells; TRG 2, single cells or small groups of cells within rectal tissue specimen; TRG 3, residual cancer outgrown by fibrosis; TRG 4, significant fibrosis outgrown by tumor tissue; and TRG 5, extensive residual cancer without fibrosis. Responder group consisted of TRG 1 and TRG 2 tumors, which could be eligible for organ saving treatment, while non-responder group consisted of TRG 3, TRG 4, and TRG 5 tumors. In the non-responder group, tumors were further subdivided into partial responder group (TRG˝3) and poor responder group (TRG 4 and TRG 5).
MRI technique
Before examination, all patients underwent bowel cleansing and received 20 mg of spasmolytic agent (hyoscine butilbromide, Buscopan, BoehringerIngelheim) intravenously shortly before MRI to avoid motion artifacts due to bowel peristalsis. MRI examinations were performed at 1.5 T (Magnetom, Avanto, Siemens Medical Systems, Erlangen, Germany) using a phased-array body coil and spine array coil to optimize signal-to-noise ratio. All patents underwent pre-treatment MRI for primary tumor and nodal staging and second MRI 7-9 weeks (median time 55 days, range 48-61 days) after completion of CRT for tumor restaging and evaluation of response to CRT. The median time between the first MR imaging and CRT was 23 days (range 18-41 days). The applied imaging protocol consisted of the following: T2-weighted turbo spin-echo (TSE) sequences in three orthogonal directions, high-resolution T2w TSE with small field of view set perpendicular to the tumor axis, and an axial DWI (single-shot echo planar imaging) sequence with b values of 50, 400, and 800 s/ mm 2 , which was set and angulated identically to the highresolution T2w TSE sequence. Parallel acquisition imaging (GRAPPA -generalized autocalibrating partially parallel acquisition) was applied to reduce the acquisition time and to improve image quality with acceleration factor PE = 2. ADC maps were generated automatically including all three diffusion sensitivity values in a monoexponential decay model. The sequence parameters are shown in Table 1 .
Image analysis and adC measurement techniques
All images in pre-and post-treatment sets were reviewed by one radiologist with six-year extensive experience in rectal cancer imaging, who was blinded to the patients' clinical data and pathology reports. Tumor was identified on T2w images as a tissue exhibiting higher signal intensity than the muscular layer of the adjacent rectal wall, which corresponds to the high signal intensity area on DW images ( Figure 1 ). ROIs were manually positioned on b 800 DW images and then copied and pasted to the corresponding ADC maps, due to the higher resolution of DW images. Post-CRT measurements were performed after having reviewed pre-CRT MRI in order to position the ROI within the location of the primary tumor ( Figure 2 ). When high signal intensity zones were not identified on post-CRT DWI, ROIs were placed in the rectal wall at the former position of tumor.
ADC measurements were performed on both pre-CRT and post-CRT image sets by two techniques. The first technique uses three circular ROIs positioned on three different slices containing tumor tissue within the areas of the most prominent restrictive diffusion (both on DW images and corresponding ADC maps, with exclusion of T2 shinetrough zones), which correspond to the most cellular tumor zones. Mean ADC value is calculated as average of To evaluate diagnostic performance of each measurement technique in assessment of tumor response to therapy and to determine the optimal cut-off value in discriminating different levels of tumor response to therapy, receiver operating characteristic (ROC) curves were generated for pre-CRT and post-CRT measurements as well as for the numeric values and percentage of the ADC change. The area under the ROC curve (AUC) was considered as relative diagnostic accuracy. To compare relative diagnostic accuracy, pair-wise comparison of the ROC curves was performed, with 95% confidence intervals (CI). Parameters of diagnostic accuracy (sensitivity, specificity, accuracy, positive predictive value, and negative predictive value) were calculated using the optimal cut-off value, which was determined according to the nearest point to the upper left corner in the ROC curve diagram. Differences in diagnostic performances of two techniques were analyzed by comparing ROC curves according to the method described by DeLong et al (18) . Normally distributed data are presented as mean ± standard deviation, whereas data with not-normal distribution are presented as median and range. P-values lower than 0.05 were considered significant.
Results
Patients and treatment characteristics and histopathological findings
All patients underwent surgical resection after completion of neoadjuvant treatment. The median time between the second MRI and surgery was 12 days (range 4-37 days). Low anterior resection was performed in 45 patients, abdominoperineal resection in 11 patients, and extended resection in 2 patients. There were 9 tumors in the proximal rectum, 32 in the middle rectum, and 17 in the distal rectum. The mean distance from anal verge was 6.5 cm (standard deviation, 2.6 cm) and the mean tumor length was 3.2 cm (standard deviation, 1.1 cm). Histopathological analysis confirmed complete tumor response (ypT0/TRG 1) to CRT in 10 patients, grade TRG 2 in 9 patients, and partial or poor tumor response in 39 patients (TRG 3 22, TRG 4 15 and TRG 5 2 specimens) ( Table 2) .
effects of different measurement techniques on adC measurements
In the whole study group, there was no significant difference between percentage of ADC change measured with different techniques (P = 0.065). Second technique obtained significantly higher pre-CRT and post-CRT mean ADC values and numeric values of ADC change than first technique (P < 0.001) ( Table 3 ).
Quantitative analysis of tumor response to CRt
There were no significant differences in mean (±stan-dard deviation) pre-CRT ADC values between responder and non-responder group for both mea- surement techniques (for the first technique P = 0.381, for the second technique P = 0.409). There were also no significant differences between partial responder and poor responder subgroup of non-responder group for both measurement techniques (for the first technique 0.78 ± 0.07 vs 0.79 ± 0.08, for the second technique 0.86 ± 0.08 vs 0.88 ± 0.06; P = 0.760 and P = 0.311, respectively). Post-CRT ADC values were significantly higher in responder than in non-responder group (for the first technique P = 0.006, for the second technique P ≤ .001). Both numeric and percent ADC change was significantly higher in responder group for both measurement techniques (for the first technique P = 0.025 and 0.048, respectively, for the second technique both P < 0.001). Also, post-CRT measurements and numeric and percent ADC change were significantly higher in partial responder than in poor responder subgroup for both techniques (for the first technique P = 0.034, 0.024, and 0.034, respectively; for the second technique P = 0.002 for all measurements) (Figure 4 ). ROC curves were generated to evaluate diagnostic performance of ADC measurement techniques in the estimation of tumor response to CRT ( Figure 5 ). Pre-CRT measurements resulted in AUC of 0.572 for the first technique and 0.570 for the second technique, which were not significantly different (P = 0.983). Post-CRT measurements resulted in AUCs of 0.704 for the first technique and of 0.935 for the second technique, showing significantly higher accuracy of the second technique (P < 0.001). This was further supported by reasonably high parameters of diagnostic accuracy (sensitivity 95%, specificity 85%, positive predictive value 75%, negative predictive value 97%, accuracy 88% for cut-off value of 1.29 × 10-3 mm Pre-treatment magnetic resonance imaging+ diffusion-weighted imaging -estimated tumor and nodal stages N0 n = 0 n = 2 n = 0 n = 2 N1 n = 2 n = 15 n = 0 n = 17 N2 n = 3 n = 30 n = 6 n = 39 Total n = 5 n = 47 n = 6 n = 58 Postoperative histopathological stages N0 n = 9 n = 3 n = 9 n = 17 n = 1 n = 39 N1 n = 1 n = 0 n = 2 n = 13 n = 1 n = 17 N2 n = 0 n = 0 n = 0 n = 2 n = 0 n = 2 Total n = 10 n = 3 n = 11 n = 32 n = 2 n = 58 tained by the first technique demonstrated lower diagnostic accuracy than those obtained by the second technique (for the pre-and post-treatment ADC measurements 62%, and for the measurements of ADC change 59%) ( Table 4 ). To our knowledge, this is the first study comparing diagnostic performances of different ADC measurement techniques in the evaluation of tumor response to CRT. It demonstrated that two techniques yielded significantly different mean ADC values before and after CRT and numeric values of ADC change in the whole study group, indicating that ADC measurement technique considerably influences the measurement results. This finding is in concordance with the results of some previous studies, which showed that the variation in ROI size and positioning significantly influenced measurements (19, 20) . Our study demonstrated that the first ADC measurement technique, which measures the most viable solid tumor parts, was inferior in the assessment of rectal cancer response to neoadjuvant CRT to the second technique. The second technique had significantly higher accuracy in predicting the level of tumor response, which was highest in post-treatment measurements. These findings indicate that ADC measurements that cover the entire tumor volume together with necrotic and fibrotic regions provide better results in tumor response evaluation than measurements including only viable tumor areas. Similar results were obtained by Roth et al (21) , who used an animal model to analyze pre-treatment and early post-treatment water diffusion parameters in response of colon carcinoma to different antineoplastic treatments. Also, Goh et al (19) demonstrated that ROI-outlined entire tumor was more reliable for CT perfusion measurements than the use of smaller ROIs.
Our study demonstrated that pre-treatment measurements did not reliably discriminate between responder group and non-responder group of tumors, regardless of the measurement technique. This was further confirmed by the finding that pre-CRT ADCs in subgroups of partial responders and poor responders in the non-responder group did not differ significantly for both measurement techniques. Regarding the accuracy of pre-CRT measurements, our results are concordant to the results from some previous studies that evaluated ADC measurements in the assessment of tumor response, although they did not assess different measurement techniques (22-24). On the other hand, Sun et al (25) reported significantly lower pretreatment ADC values of tumors with good response to CRT. However, they considered tumor downstaging as a response to therapy; tumors were divided in T-downstaged group, consisting of tumors that lowered T status after CRT, and T non-downstaged group, consisting of tumors that showed the same or higher T status after CRT.
With regard to post-treatment measurements and measurements of ADC change, our study showed that the results of ADC measurements covering the entire tumor volume highly corresponded to the level of tumor response to therapy and were significantly more accurate than ADC measurements covering only solid tumor parts. Monguzzi et al (26) performed ADC measurements by placing three freehand ROIs outlying tumor on three slices containing the largest tumor area with diagnostic accuracy in tumor response evaluation of AUC = 0.82-0.83 and accuracy = 58%-74% for post-CRT measurements and AUC = 0.64- (25) demonstrated significant difference in the mean percentage of tumor ADC change between T downstaged and T non-downstaged group, indicating that the percentage of ADC increase during and after CRT may be a suitable marker of tumor downstaging. Our study used two measurement techniques and determined the accuracy for different levels of tumor response to therapy. Thus, it can be hypothesized that the larger measuring area yields more reliable results in terms of tumor tissue characterization after neoadjuvant CRT.
Our study obtained several clinically important results. We observed an excellent performance of post-CRT ADC measurements for selection of patients eligible for surgical treatment, demonstrated by very high negative predictive values (95 and 97% for the first and the second technique respectively), as well as an exquisite performance of numeric value of ADC change measured with the second technique, with negative predictive value of 100%. Also, we found no significant differences in diagnostic performance between post-treatment ADC measurements and measurements of ADC change obtained by the second technique, suggesting that only post-treatment ADC measurements, as a less time-consuming alternative, could be sufficient for tumor response evaluation, and that pretreatment images do not necessarily have to be evaluated. This is supported by an appreciable level of all parameters of diagnostic accuracy of post-treatment ADC measured with the second technique. However, in complete or nearcomplete responders it could be very demanding to identify the former tumor position without comparison with pre-CRT images.
Our study has some limitations. Primarily, it was a single reader evaluation, so inter-observer variability was not an issue. ADC measurements are very subtle and subject to measuring errors, so inclusion of a second reader and evaluation of inter-observer variability and reproducibility of ADC measurements could improve the measurement objectivity. Also, the number of patients in every TRG group was relatively small and not sufficient to obtain an optimal threshold value for predicting tumor response to therapy. Thus, we formed a responder group with pathological complete response and almost complete response (TRG 1 and 2), even though it is debatable whether TRG 2 patients are eligible for less invasive treatment possibilities.
In conclusion, the novelty of this study is that two different tumor ADC measurement techniques were studied for the first time to estimate the level of rectal cancer response to neoadjuvant chemoradiotherapy. It was shown that the type of technique applied considerably influenced ADC measurements results and that measurement technique that covered larger area of the tumor better predicted tumor response to therapy. Post-treatment ADC measurements regardless of the applied technique and numeric value of ADC change measured in whole tumor volume can accurately identify non-complete responders eligible for surgical treatment. The highest accuracy in tumor response evaluation was obtained for post-treatment measurements when analyzing the entire tumor area. declaration of authorship IB designed the study, examined all patients, analyzed the results, and wrote the manuscript. RM took part in study design and patients recruitment. MG performed statistical analysis. ĐŠ took part in study design and patients recruitment, and supervised the study.
